A mathematical model is developed which can be used to predict in vivo carbon isotope fractionations associated with carbon fixation in plants in terms of diffusion, CO2 hydration, and carboxylation components. This model also permits calculation of internal CO2 concentration for comparison with results of gas-exchange experments. The (22) and is subject to little further metabolism until the following light period. Here, isolation of this malic acid and measurement of the isotopic composition of carbon-4 are reported, along with a model which can be used to explain this isotopic composition in terms of known in vitro fractionations associated with diffusion, CO2 hydration, and carboxylation.
tions from the model indicates that the rate of carbon fixation is limited principally by diffusion, rather than by carboxylation. Processes subsequent to the initial carboxylation also contribute to the over-all isotopic composition of the plant.
requires measurement of the isotopic composition of the appropriate carbon atom in an early product of carbon fixation. In the case of C4 photosynthesis, this would logically be carbon-4 of photosynthetically formed oxalacetate, malate, or aspartate.
Plants exhibiting CAM show variable isotope discriminations, reflecting the contributions of the CO2 fixed in the dark by PEP carboxylase and in the light by RuP2 carboxylase (1, (22) (23) (24) . CAM plants are particularly useful for investigating components of carbon isotope fractionation because during dark CO2 fixation in these plants a large pool of malic acid accumulates as a result of PEP carboxylase activity (22) and is subject to little further metabolism until the following light period. Here, isolation of this malic acid and measurement of the isotopic composition of carbon-4 are reported, along with a model which can be used to explain this isotopic composition in terms of known in vitro fractionations associated with diffusion, CO2 hydration, and carboxylation.
MATERIALS AND METHODS
Plants discriminate against 13C during CO2 fixation. It is generally assumed that this discrimination is due to isotope fractionation by the pertinent carboxylase (2, 15, 32) . Experiments conducted with isolated carboxylases are qualitatively consistent with this assumption, in that both C3 plants and the associated RuP22 carboxylase show comparatively large isotope discriminations (3, 9, 31) , whereas C4 plants and PEP carboxylase show small discriminations (28, 31, 34 (10, 24) . Under these conditions the malic acid accounted for 93% of the total CO2 fixed in the dark (Table I) .
THEORY
Isotopic compositions are measured as an abundance ratio (R) (6) :
(1) or as a 8 value, in units per mil (%o):
The standard is PDB (Belemnite from the Pee Dee Formation in South Carolina) (6, 15 (3) l1 + urce. 1000 or as an "isotope effect," k 2/k 3, the ratio of rate constants for reactions of the respective isotopic substances. When the quantity of source is large compared to the amount of product k 12/k 13 = Rsource/Rproduct (4) Thus, the discrimination factor is given by
Most models for photosynthetic carbon fixation have been based on the "resistivities" associated with the various physical and chemical steps in the process (12, 19) . Here, work was done The isotopic composition of malic acid in the K. daigremontiana experiments (Table II) is about 2%o more positive than the corresponding values for the "acid fraction" in the work of Deleens and Garnier-Dardart (7). This difference probably arises in part from contributions of other acids to the Deleens samples and in part from differences in the isotopic compositions of the starch pools (which provide carbons -1 to -3 of malate) in the two experiments. Malate of similar isotopic composition to the malate used here has been isolated from a C4 plant (33) . The isotopic composition of crystalline oxalate in several species of cactus has recently been shown to be near -8%o (29) .
The carbon isotope fractionation associated with CO2 fixation by the C4 pathway in CAM plants can be obtained by comparison of the isotopic composition of carbon-4 of malate with that of atmospheric CO2, provided that corrections to the former value are made for (a) malate remaining at the end of the previous light period; (b) any randomization due to furmarase; (c) contribution of respiratory carbon. The fractionation then can be used in connection with equations 7 and 8 to determine the relative contributions of diffusion and carboxylation to the over-all CO2 incorporation rate. The corrections for K daigremontiana are summarized in the following paragraphs.
The malate pool at the end of the light period is about 15% as large as at the end of the dark period, and the 8 13C value for carbon-4 of this material is -6.4%o. This gives a correction of -0.3%o to the 8 13C value for carbon-4 of malate at the end of the dark period.
Correction can be made for randomization due to fumarase by assuming that carbons-i, -2, and -3 of malate (which arise from starch) all have the same isotopic composition (cf . Table II) and that, as is frequently observed (4, 14) randomization of carbons-I and -4 is about two-thirds complete. Thus, the correction to carbon-4 of malate is +0.5%o.
The correction for respired carbon is the most difficult to make because neither the quantity of respired carbon nor its isotopic composition is known. Respired carbon becomes part of the C02, pool (cf. equation 6) and should be subject to the same partitioning as CO2,J. If it is assumed that 10%o of the malate synthesized arises from respired carbon and that respired carbon has the same 8 13C value as whole leaf carbon, then the correction is +0.5%o.
The aggregate of the three corrections is, thus, +0.7%o, with an uncertainty of about ±0.5%o, and the corrected value for 8 '3C of carbon-4 of malate immediately following carboxylation is -7.4%o. Equation 7 makes it possible to calculate that k3/k2 = 1.6.
That is, molecules in the CO2,J pool are taken up by carboxylation 1.6 times as often as they diffuse back to the atmosphere.
Thus, diffusion provides a significant barrier to carbon fixation in CAM plants. It can be calculated that, if the diffusion barrier were removed, the rate of carbon fixation would increase by about a factor of 3 but, of course, at considerable expense in terms of water loss. On the other hand, if the carboxylation capacity of the plant were substantially increased, the carbon fixation rate would increase by less than 50Yo. This partitioning of the CO2, pool (10-20o) , thus allowing a small portion of the RuP2 carboxylase fractionation to be expressed. CO2,i becomes quite high during deacidification (5) , and there is at least one report (28) that the CO2 evolved during deacidification in K daigremontiana has a relatively positive 8 "3C value, as would be required if this explanation is correct. The other possibility is that this further fractionation is connected with respiratory processes.
The isotopic data for B. tubiflorum can be analyzed in a similar way, but the uncertainties in this analysis are larger than in the previous case. Corrections for fumarase and for respired carbon are each near +1%o. The latter correction is subject to a considerable uncertainty. It is estimated that, after correction, the 8 "C value for carbon-4 of malate is near -3.2%o, corresponding to k3/ k2= 0.27 and CO2, = 260 ,tl/l. Although these values must be considered approximate, it is clear that diffusion is less limiting than in the case of K daigremontiana.
The analysis based on equations 7 and 8 can be applied to all types ofplants, provided that the appropriate isotope fractionation factors are available. Diffusional fractionations E1 and E2 will always equal 1.0044. For C4 plants, E3 is 0.994. For C3 plants, the value of E3 is somewhat uncertain, but it is probably near 1.03 (3, 9, 31) . If postcarboxylation events are assumed not to contribute significantly to the total isotope composition of the plant, then this analysis suggests that the rate of diffusion plays an important role in both C3 and C4 plants. The potential importance of diffusion in C4 carboxylation has been noted by Schmidt and Winkler (30) .
